The ToxRS system in Vibrio cholerae plays a central role in the modulation of virulence gene expression in response to environmental stimuli. An integration of multiple signalling inputs mediated by ToxR, -S, and -T controls virulence gene expression leading to cholera toxin (CT) production. Recently, we identified a new virulence locus, varA (virulence associated regulator), in classical V. cholerae O1 that positively controls transcription of tcpA, the major subunit of the toxin-coregulated pilus (TCP) and the production of CT, two key factors in cholera pathogenesis. The varA locus is a homolog of gacA (originally described for the soil organism Pseudomonas fluorescens), which encodes a conserved global regulator belonging to the family of two-component signal transducing molecules. GacA homologs in a number of diverse gram-negative pathogenic bacterial species have been implicated in controlling the production of diverse virulence factors. varA mutants showed reduced levels of tcpA message and TcpA protein, lacked visible signs of autoagglutination (a phenotype associated with functional TCP), produced decreased levels of CT, and were attenuated in colonizing infant mice. Transcription of varA appears to be independent of ToxR, and overexpression of the regulators tcpPH and toxT from plasmids in the varA mutant restored wild-type levels of CT production and the ability to autoagglutinate. varA represents an additional modulating factor in the coordinate expression of virulence factors in V. cholerae.
The gram-negative bacterium Vibrio cholerae is the causative agent of the diarrheal disease cholera. The pathogenic potential of V. cholerae lies in its ability to adhere to and colonize the epithelia of the small intestine of the host and secrete cholera toxin (CT). The molecular basis for the expression of virulence factors involved in colonization and toxin production depends largely on the transcriptional activator ToxR, a transmembrane protein which senses the environment and activates the expression of appropriate genes (a set of genes collectively termed the ToxR regulon) in response to these environmental signals. ToxS is a protein that stabilizes the conformation of ToxR in the periplasm. ToxR transcriptionally activates a second regulator, ToxT, which positively controls the expression of CT, encoded by the ctxAB operon, as well as the expression of the toxin-coregulated pilus (TCP), which is essential for intestinal colonization (47) . While a linear signal transduction cascade consisting of ToxR, ToxS, and ToxT in V. cholerae has been previously delineated, recent studies have suggested that virulence genes may be controlled by multiple signalling inputs leading to CT production. Studies in classical V. cholerae O1 revealed that an additional pair of regulatory proteins, TcpP and TcpH, positively control the transcription of toxT and that transcription of the tcpPH operon is itself regulated by temperature and pH independently of ToxR or ToxT (7, 17) . Although TcpPH can activate the toxT promoter independently of ToxR, high activation levels appear to require the synergistic interaction of ToxRS and TcpPH (17) .
Many bacterial pathogens utilize signal transducing proteins of the two-component family of regulators to modulate expression of virulence genes in response to environmental signals (31, 49) . For example, GacA (for global antibiotic and cyanide) control in Pseudomonas fluorescens (25) is a global regulator of virulence-related factors in Pseudomonas species, including P. syringae (42) and P. aeruginosa (38) , as well as in other gramnegative bacteria, including Escherichia coli (34) and Salmonella typhimurium (22) . Sequence data indicate that the GacA protein is a response regulator in the FixJ-DegU family of twocomponent signal transducing molecules (1, 25) . In P. aeruginosa, gacA is required for full pathogenicity in both plant and animal models of infection (38) , and the gacA homolog of S. typhimurium, sirA, has been shown to encode an essential transcriptional activator of invasion genes (22) . The presence of gacA homologs in diverse gram-negative bacterial species suggested that studies of this locus in additional gram-negative pathogens may contribute to our knowledge of virulence mechanisms. In this report, we describe a member of the two-component family of regulators involved in expression of the ToxR regulon in classical V. cholerae O1. Although ToxR has been shown to bind to DNA (19, 33) , it does not fit into the family of two-component regulatory systems because it lacks the canonical phosphoryl-acceptor domain characteristically found in this group of regulators (33) . We have identified a potential gacA homolog in V. cholerae termed varA (for virulence associated regulator) which modulates the production of two major virulence factors of this organism, the TCP and CT. VarA represents the first response regulator of the two-component family found to be involved in expression of virulence factors in V. cholerae.
MATERIALS AND METHODS
Bacterial strains and culture conditions. Bacterial strains and plasmids used in this study are shown in Table 1 . E. coli and V. cholerae strains were maintained at Ϫ70°C in Luria-Bertani (LB) broth containing 15% glycerol for long-term storage. Antibiotics added to LB medium were as follows: ampicillin (Ap), 100 g/ml for E. coli and 25 or 50 g/ml for V. cholerae; chloramphenicol (Cm), 25 g/ml; kanamycin (Km), 50 g/ml; streptomycin (Sm), 100 g/ml; and tetracycline (Tc), 15 g/ml for E. coli and 5 g/ml for V. cholerae. 5-Bromo-4-chloro-3-indolyl-␤-D-galactopyranoside (X-Gal) was added to LB agar at 40 g/ml.
To induce ToxR-dependent gene expression in V. cholerae, bacteria were grown in LB broth containing 85.5 mM NaCl at a starting pH of 6.5 with moderate aeration at 30°C. To repress ToxR-dependent gene expression, V. cholerae strains were grown in LB broth containing 171 mM NaCl at a starting pH of 8.5 with moderate aeration at 37°C (7). Isopropyl-␤-D-thiogalactopyranoside (IPTG) was added to ToxR-inducing medium at 1 mM to induce expression of toxT from the tac promoter in pMT5K.
CT assay. The levels of CT production after 16 to 24 h of growth in ToxRinducing and ToxR-repressing conditions were determined by using a GM-1 enzyme-linked immunosorbent assay as previously described (20) . In parallel, these same cultures were visually inspected for autoagglutination, which refers to the clumping of cells at the bottom of the culture tube and which is usually seen in ToxR-inducing conditions for classical strains of V. cholerae, such as O395 (51) .
DNA and RNA analysis. Nucleic acid manipulations were performed by standard molecular biological techniques (2) . tcpA and tcpPH DNA fragments used as probes in Northern blot analyses were generated by PCR and radiolabelled by the random hexamer priming method (Stratagene, La Jolla, Calif.). Primers and PCR conditions used to generate tcpA were described previously (7) . Primers used to generate the 605-bp PCR product containing tcpPH were PAC24 (5Ј TTAGCAAGGTTACCGGGGATAACAA 3Ј) that spans positions 2264 to 2288 of the sequence with GenBank accession no. X64098 and PAC15 (5Ј AAAGG ATCCGTAAAGATGAAGAGATGACTT 3Ј) that spans positions 2870 to 2850 (7) . PCR conditions were the same as those described below. Primers to generate the 644-bp PCR product containing an internal fragment of the varA open reading frame were 5Ј GCGCGGTACCGGTGCAGAGCCAATAGATA AGTG 3Ј, which incorporates an Asp718 restriction site at the 5Ј end, and 5Ј GACGCGTCGACACTATAACTTCTCAGTATCATTC 3Ј. To confirm equal loading of RNA, one set of samples loaded in parallel was stained with ethidium bromide. Quantitation of tcpA mRNA (see Fig. 1 ) was done by exposing the RNA blot to phosphor screens followed by reading on a PhosphorImager (Molecular Dynamics, Sunnyvale, Calif.). DNA sequencing was performed by the DNA Sequencing Core Facility at the Massachusetts General Hospital Department of Molecular Biology. Percent amino acid identities of VarA compared to GacA homologs from P. aeruginosa, S. typhimurium, and E. coli were performed with GAP from the program manual for the Wisconsin Package (Genetics Computer Group, Madison, Wis.).
Isolation of the gacA homolog. To identify a gacA homolog from V. cholerae classical strain O395, PCR was performed using the following degenerate oligonucleotides: 5Ј ATGCCNGGNATHGGNGGNCTNGARGCG 3Ј, corresponding to amino acids 57 to 65 (MPGIGGLEA), and 5Ј NCGRTANCGRTANGW RTTNACNGTYTTNGG 3Ј, corresponding to amino acids 178 to 187 (PKTVN TSYRYR) of the P. aeruginosa gacA sequence (GenBank accession no. U27988). PCR was carried out in a 100-l reaction volume in 10 mM Tris-HCl, (pH 8. 12 , which includes the entire 390-bp varA insert, using the conditions described above. The amplified product was sequenced directly. Southern blots containing genomic DNA from O395 showed that the radiolabelled 390-bp PCR product hybridized to an approximately 7-kb HindIII fragment (data not shown). To identify a clone carrying a full-length gacA homolog from V. cholerae, an approximately 7-kb HindIII size-selected genomic DNA library in pBR322 was constructed and probed with the same 390-bp PCR product to obtain pSW7H3. Strain and plasmid constructions. To construct a polar mutation in the V. cholerae O395 varA locus, a 400-bp EcoRI fragment from pTA400-12 that contained 390 bp of varA sequence was ligated to the EcoRI site of the suicide vector pGP704 (32) to create pSW400-12. The E. coli donor strain SM10 pir was used to mobilize pSW400-12 into the genome of wild-type V. cholerae O395 to create SW400-12. Disruption of the varA locus was verified by DNA blotting and PCR analysis. SW8, a varA ϩ revertant of SW400-12, which has lost the integrated plasmid pSW400-12, was obtained by serial passage of SW400-12 for 8 days in the absence of Ap followed by screening for loss of the plasmid on LB agar plates containing Ap at 25 or 50 g/ml. Reconstitution of the wild-type varA locus was confirmed by PCR analysis.
To generate a nonpolar varA mutant in V. cholerae O395, briefly, a 583-bp AatII-SalI restriction fragment internal to varA was deleted and replaced with a Km r cassette from pUC18K (30) such that transcription was maintained and translation of the downstream portion of varA was reinitiated at the 3Ј end of the Km r cassette. In detail, construction of the nonpolar varA strain was as follows. (i) A 3-kb SacI fragment containing the full length varA gene derived from pSW7H3 was cloned into pBluescript KSϩ (Stratagene) to generate pSW3sac. (ii) pSW3sac was digested with AatII and SalI and primer adaptors (see below) were used to reseal the AatII and SalI ends and to restore the transcription reading frame. The top strand primer was 5Ј CGATATCAAGCTTG AGAAGTTATAGTG 3Ј and the bottom strand primer was 5Ј TCGACACTA TAACTTCTCAAGCTTGATATCGACGT 3Ј. (The HindIII restriction site is underlined. The top and bottom primers were heated at 65°C and cooled to room temperature to facilitate self-annealing prior to ligation). (iii) The HindIII restriction site in the polylinker region of pSW3sac was removed by digesting with EcoRI and Asp718, followed by end-filling with Klenow polymerase and religation to create pSWSA. (iv) An 800-bp SmaI fragment containing the aphA-3 gene encoding Km resistance from pUC18K (30) was cloned into pSWSA at the unique HindIII site located within the primer adaptors described above, following end-filling with Klenow polymerase, to generate pSW36. (v) A 3.2-kb SacI fragment from pSW36 was cloned into the positive selection vector pKAS32 (48) at the SacI site to generate pSW37. (vi) pSW37 was mobilized from SM10 pir to V. cholerae O395, and transconjugants were selected on Ap and Km. (vii) Four Ap r and Km r cointegrates were streaked onto LB agar containing Sm at 1 mg/ml and Km at 50 g/ml. Loss of the Ap-resistance-encoding gene from the vector was confirmed by the inability of Sm and Km survivors to form colonies on LB agar plates containing Ap. The mutation in one mutant, SW33S, was confirmed by PCR and sequencing of the 3Ј junction between the Km resistance gene and downstream varA sequences.
SDS-polyacrylamide gel electrophoresis and Western analysis. For Western analysis, proteins from whole-cell lysates from cultures grown overnight under ToxR-inducing and ToxR-repressing conditions were separated on a 12% polyacrylamide gel in the presence of sodium dodecyl sulfate (SDS) as previously described (24) . The amount of total protein loaded (from 10 8 bacteria) was normalized to the optical density at 600 nm (OD 600 ) of the overnight cultures from each strain. Proteins were transferred to Hybond-enhanced chemiluminescence nitrocellulose (Amersham, Arlington Heights, Ill.) at 4°C in electroblotting buffer (20 mM Tris-150 mM glycine [pH 8.0]) using a Mini Trans-Blot Module (Bio-Rad, Hercules, Calif.) in accordance with the manufacturer's instructions. Immunoreactive proteins were identified as a chemiluminescent signal by using the ECL Western blotting system (Amersham Life Science) with polyclonal rabbit anti-TcpA or anti-ToxR antibodies (gifts of J. J. Mekalanos). Kaleidoscope protein molecular mass standards were from Bio-Rad.
Phage transduction. Phage transduction assays using a derivative of CTX⌽ (54) carrying the Km resistance gene were performed as previously described (9) . The recipient strains, wild-type O395 and SW400-12, were grown in ToxR-inducing conditions prior to mixing with an equal volume of CTX⌽ (gift of Wei Lin). The phage and bacteria mixture was incubated for 30 min at room temperature before plating at the appropriate dilutions on LB agar containing Sm and Km (control was plated on Sm alone).
Immunoelectron microscopy. Strains used for electron microscopy were grown overnight in ToxR-inducing conditions at 30°C prior to immunogold labelling as described by Chiang et al. (10) .
Animal studies. A competition assay for intestinal colonization in infant mice was assessed as previously described (10) . Briefly, 4-to 5-day-old CD1 mice were inoculated orally with 50 l of equally mixed cultures of wild-type O395 and an isogenic Lac Ϫ strain, CG842 (15) , in doses of 1.8 ϫ 10 6 and 0.36 ϫ 10 6 CFU or the nonpolar varA mutant SW33S and the Lac Ϫ strain in doses of 1.5 ϫ 10 6 and 0.36 ϫ 10 6 CFU, and mice were then placed in a 30°C incubator. Groups of two to four mice were used at each dose. After 21 to 24 h, the mice were sacrificed and the small intestines were removed, homogenized in 5 ml of LB broth, and plated on LB agar containing X-Gal at the appropriate dilutions to determine the output ratio of competing strains (number of colonies for wild-type or SW33S divided by the number of colonies for the Lac Ϫ strain).
For the in vitro competition assay, wild-type O395, SW33S, and CG842 were grown overnight at 37°C, subcultured, and grown to an approximate OD 600 of 1. A volume of 50 l containing a mixed culture (done in triplicate) of wild-type O395 and CG842 (10 6 CFU each) or SW33S and CG842 (10 6 CFU each) was inoculated into 5 ml of LB broth in ToxR-inducing conditions and grown at 30°C for 21 to 24 h. Cultures were plated at appropriate dilutions to determine the ratio of the competing strains. The output ratios for both the in vivo and in vitro competition assays were normalized to the input ratios.
Nucleotide sequence accession number. The nucleotide sequence corresponding to the complete varA coding region has been assigned GenBank accession no. AF071105.
RESULTS
Cloning of a gacA homolog from V. cholerae O1 classical strain O395. Since GacA homologs have been found in a variety of gram-negative bacteria and have been shown to be important virulence determinants, we examined whether V. cholerae contains a gacA homolog as well. To do this, degenerate primers corresponding to conserved amino acid stretches of GacA-related proteins from P. aeruginosa, S. typhimurium, and E. coli were used to amplify an expected 390-bp fragment by using V. cholerae DNA as template. The DNA sequence of this PCR product was determined, and analysis using the BLAST computer program revealed this sequence to be approximately 60 to 70% similar to GacA homologs from a variety of gramnegative bacteria. DNA blot analysis showed that the 390-bp PCR product hybridized to an approximately 7-kb HindIII fragment and to a 3-kb SacI fragment of V. cholerae O395 chromosomal DNA (data not shown). A size-selected genomic DNA library in pBR322 containing approximately 7-to-8-kb HindIII genomic fragments from O395 was probed with the 390-bp PCR product to obtain a clone, pSW7H3, containing the full-length gene encoding the putative GacA homolog. Partial DNA sequence analysis of pSW7H3 and DNA sequence analysis using BLAST showed that pSW7H3 encodes a putative 214-amino-acid protein with 60.46% identity to GacA from P. aeruginosa, 75.8% identity to SirA from S. typhimurium, and 74.9% identify to UvrY from E. coli (data not shown). In addition, BLAST analysis of a predicted 201-nucleotide open reading frame containing an initiation codon overlapping by a single nucleotide with the termination codon of the putative V. cholerae gacA gene revealed 68% identity to a DNA repair protein encoded by uvrC of E. coli, which is immediately downstream of the E. coli uvrY gene (data not shown) (34, 46) . The conserved genomic organization of the gacA-uvrC operon structure is also observed in Pseudomonas species (25, 42) and in S. typhimurium (22) .
Disruption of V. cholerae gacA homolog decreases CT production and results in lack of autoagglutination. To determine if the gacA homolog in V. cholerae plays a role in virulence, we constructed two gacA homolog mutant strains as described in Materials and Methods and then tested the mutants for the production of CT and the ability to autoagglutinate (which requires expression of functional TCP) (52) . The first mutant (strain SW400-12) contains a disruption of the gacA homolog by insertion of a pGP704 derivative which is likely to exert a polar effect on the downstream uvrC homolog. The second mutant (strain SW33S), which was constructed to eliminate polarity effects on downstream genes, contains a replacement of nearly 88% of the gacA homolog open reading frame by a Km r cassette. Wild-type O395 and the gacA homolog mutants were grown overnight at 30°C in LB medium with a starting pH of 6.5, conditions known to induce the expression of genes subject to ToxR regulation in classical V. cholerae, and at 37°C in LB medium with a starting pH of 8.5, conditions known to repress the expression of genes under ToxR regulation (33) . As sum-marized in Table 2 , both gacA homolog mutants failed to autoagglutinate. Moreover, strain SW400-12 (containing the polar gacA homolog) and strain SW33S (containing the nonpolar gacA homolog) exhibited approximately 60-and 10-fold reductions in the amount of CT relative to the wild type, respectively. The lower amount of CT produced by SW400-12 compared to SW33S may reflect polar effects on downstream genes in SW400-12. To verify further that the mutant phenotypes of SW400-12 and SW33S were consequences of the disruption of the gacA homolog, a revertant of SW400-12, which had lost the suicide plasmid integrated in the gene, was obtained as described in Materials and Methods. This latter strain, SW8, regained the ability to autoagglutinate and to produce near wild-type levels of CT (Table 2) .
Based on the mutant phenotypes of SW400-12 and SW33S, the locus encoding the GacA homolog in V. cholerae was renamed varA, for virulence associated regulator. The results presented in this section indicate that VarA represents a previously unknown V. cholerae virulence factor.
Disruption of varA downregulates tcpA message and TcpA protein levels and decreases CT production. To determine if lack of autoagglutination in the varA mutants, SW400-12 and SW33S, was due to a decrease in TCP expression, the mRNA and protein levels corresponding to the major pilin subunit gene, tcpA (51), were examined. Figure 1 shows a three-to fourfold reduction in the level of the 800-nucleotide tcpA transcript (6) in mutant strain SW400-12 under ToxR-inducing conditions compared to O395, whereas no detectable tcpA mRNA was detected in either O395 or the mutant under ToxR-repressing conditions. Figure 2 shows that the level of the 20.5-kDa TcpA protein was reduced in both the polar (SW400-12) and nonpolar (SW33S) varA mutants relative to wild type (O395) (lanes 1, 3, and 5). Because TcpA and the production of CT are coregulated (51), CT production was assayed in the cultures used for the immunoblot analysis. As expected, the varA mutant strains displayed reduced levels of CT relative to the wild type (Fig. 2, compare lanes 3 and 5 to  lane 1) . Importantly, the varA ϩ revertant of SW400-12 (SW8) regained wild-type levels of TcpA protein and CT under ToxRinducing conditions (Fig. 2, lane 7) , consistent with nearly full restoration of autoagglutination and CT production ( Table 2) . As expected, TcpA protein was undetectable in cultures grown under ToxR-repressing conditions for any of the strains tested (Fig. 2, even-numbered lanes) . As an additional control, no FIG. 1. Northern blot containing 10 g of total RNA from O395 (lanes 1 and 2) and SW400-12 (lanes 3 and 4) cultures grown under ToxR-inducing (ϩ) and ToxR-repressing (Ϫ) conditions and probed for the tcpA message. Numbers at left are the sizes for the rRNAs, 23S (2.9 kb), 16S (1.54 kb), and 5S (0.12 kb) subunits in V. cholerae which run at the same molecular masses as the rRNAs in E. coli.
FIG. 2. Western analysis of
TcpA protein and CT production in O395 and varA derivatives following growth under ToxR-inducing (ϩ) and ToxR-repressing (Ϫ) conditions. Total cell protein from each strain was adjusted for culture density prior to being run on an SDS-12% polyacrylamide gel followed by electroblotting to nitrocellulose and probing with polyclonal rabbit anti-TcpA. The 20.5-kDa TcpA protein is indicated by the arrow. O395 (lanes 1 and 2) ; nonpolar varA, SW33S (lanes 3 and 4); polar varA, SW400-12 (lanes 5 and 6); polar varA revertant, SW8 (lanes 7 and 8); O395 tcpA::TnphoA, CS2-1 (lanes 9 and 10). Numbers at left are Kaleidoscope protein molecular mass standards (kDa) from Bio-Rad. Numbers at bottom represent the CT amounts in the supernatant (expressed in micrograms per milliliter at OD 600 ). nd, not determined. TcpA protein was detected in strain CS2-1, which carries a TnphoA disruption in tcpA (51), under ToxR-inducing or -repressing conditions (Fig. 2, lanes 9 and 10) , confirming that the 20-kDa band does in fact represent TcpA and not a crossreactive protein. The reduction in CT production in the CS2-1 mutant under ToxR-inducing conditions (lane 9) is likely due to polar effects on toxT transcription from the insertion of TnphoA upstream (6) . Taken together, these results indicate that VarA is required for full expression levels for both CT and TCP.
Interaction of VarA with the ToxR virulence control system. The ToxR virulence regulon is composed of a set of genes under the control of the transcriptional activator, ToxR, which activates the expression of a second regulator, ToxT, in response to environmental signals, such as pH and temperature, in classical V. cholerae (47) . ToxT in turn activates transcription of tcpA (6) and ctxAB (14) . Since VarA modulates expression of TcpA and CT, we examined whether transcription of varA was subject to control by ToxR as well. As shown in Fig.  3 , RNA blot analysis with a varA-specific probe revealed a single relatively large hybridizing RNA species in the wild-type strain O395 that is consistent with the predicted size of a transcript containing varA as well as the downstream uvrC homolog (46) . A transcript of approximately similar size and intensity was also present in the toxR mutant, indicating that transcription of varA does not require ToxR (Fig. 3, lanes 1  and 3) . Indeed, varA was transcribed under environmental conditions (37°C, pH 8.5) that usually repress the expression of genes that require ToxR (Fig. 3, lanes 2 and 4) . Transcription of varA appeared to be regulated in response to temperature and pH as varA mRNA was reduced but not absent in ToxRrepressing conditions (lanes 2 and 4) . By comparison, the effect of environmental signals on tcpPH transcription was more dramatic, as reported previously (7) (Fig. 3, lanes 5 and 6) .
In S. typhimurium, the GacA homolog, SirA, regulates the transcription of hilA, which encodes an activator needed for invasion (22) . Since HilA is reported to be a homolog of ToxR based on the similarity of the amino-terminal domain of HilA to the DNA-binding domain of ToxR (4), we examined whether VarA regulates the transcription of toxR and whether VarA affects ToxR protein levels. RNA blot analysis showed that a toxR-specific transcript was detected in both wild-type O395 and in the varA mutant SW400-12 under both ToxR-inducing and -repressing conditions (data not shown), indicating that toxR transcription does not require VarA and, as shown previously, that transcription of toxR is independent of environmental signals (12, 36) . To determine if varA affects the expression of ToxR, the Western blot shown in Fig. 2 was reprobed with an anti-ToxR antibody, and no apparent changes in the level of the 32.5-kDa ToxR protein (33) in the varA mutant relative to O395 under ToxR-inducing or -repressing conditions were seen (data not shown). This result is consistent with the RNA blot data and indicated that production of the toxR message and ToxR protein does not require VarA.
Because TcpA and CT expression are reduced in a varA mutant and because, as described in the preceding paragraph, we had demonstrated that VarA does not appear to regulate toxR, it appeared likely that VarA acts downstream of ToxR. We thus carried out experiments to determine whether overexpression of toxT or tcpPH could suppress the varA mutant phenotype. ToxT is believed to activate the tcpA and ctxAB promoters (6, 14) , and TcpPH is thought to activate the toxT promoter (7, 17) . Consistent with this proposed circuitry, tcpPH expressed from an inducible promoter can activate a toxT::lacZ reporter construct independent of ToxR (17) . As shown in Table 3 , when a plasmid carrying toxT expressed from an inducible promoter was introduced into the varA mutant SW400-12, CT production and autoagglutination under ToxR-inducing conditions were restored to wild-type levels. Similarly, overexpression of tcpPH from a constitutive promoter in SW400-12 restored nearly 50 to 90% of CT production and the ability to autoagglutinate under ToxR-inducing conditions. In summary, these results suggest that VarA modulates CT production and TcpA expression in a ToxR independent manner, most likely upstream of the toxT promoter.
In vivo colonization assay. TcpA has been shown to be required to establish colonization in both an infant mouse colo- Table 2 for a description of these data. CT production values in experiment 1 are means Ϯ standard deviations for five samples per strain.
b Value is consistent with the approximately 1.9-fold-higher CT levels seen previously with toxT overexpressed from pMT5 relative to wild-type O395 (7). One millimolar IPTG was used to induce expression of toxT from a tac promoter in pMT5K.
c Values extrapolated from ratios of CT production by SW400-12 and SW400-12 (pBBR1MCS) relative to that of wild-type O395 determined from another experiment. CT production values in experiment 2 are means Ϯ standard deviations for triplicate samples per strain. nization model (10, 51) and in human volunteer studies (18) . It seemed likely that the decrease in TcpA in varA mutants would result in a decrease in colonization efficiency. To assess the role of varA in bacterial colonization in an infant mouse model, in vivo mixed infection assays with the nonpolar varA mutant SW33S were performed. As shown in Table 4 , the varA mutant exhibited a competitive index of 0.17 in vivo, an approximately sixfold reduction in colonization efficiency compared to that of the wild-type strain O395. In contrast to these in vivo results, the in vitro competitive index for SW33S was 0.75, suggesting no appreciable growth defect in vitro. These results demonstrate that varA is a virulence determinant in V. cholerae that is needed for efficient colonization. Thus, VarA not only regulates the expression of TCP and the production of CT in vitro but it is likely to regulate expression of TCP in vivo as well.
Quantitative assessment of pilus structural integrity. The decrease in TCP expression in SW400-12 is consistent with the decrease in colonization efficiency in the infant mouse model. To quantitatively assess the ability of the varA mutant to assemble surface TCP, we utilized a phage, CTX⌽, which uses TCP as a receptor (54) . Specifically, we performed a CTX⌽ transduction assay after overnight growth in ToxR-inducing conditions. The cultures were also examined for the autoagglutination phenotype and as expected, wild-type O395 autoagglutinated, whereas the varA mutant, SW400-12, did not. Wild-type O395 showed a 100-fold higher CTX⌽ transduction frequency than the varA mutant SW400-12 (the values were 0.67 ϫ 10 Ϫ1 and 0.58 ϫ 10 Ϫ3 , respectively), which is consistent with the reduced amounts of TCP in the mutant.
To further evaluate surface TCP expression, we examined the varA mutant SW33S and the wild-type strain O395 by electron microscopy using primary polyclonal rabbit anti-TcpA antibodies and a gold-conjugated secondary antibody to decorated bundled pili. Wild-type O395 bacteria whose pili had been labelled with immunogold were readily located, whereas the varA mutant revealed many fewer microscopic fields that contained labelled pili (not shown). When we were able to find labelled pili in samples from the varA mutant, the pilus bundles were indistinguishable from those of wild-type O395 (not shown), indicating that varA mutants produce fewer pili but that the ones that are produced are structurally intact.
DISCUSSION
It is known that expression of virulence factors by a variety of bacterial pathogens in response to environmental signals is controlled by members of the two-component family of signal transduction proteins (31, 50) . One of the components is a histidine kinase sensor which is often a transmembrane receptor whose kinase activity is modulated in response to environmental signals. The other component is the cytoplasmic response regulator which upon activation via phosphorylation at a conserved aspartate residue in the N-terminal domain by its cognate sensor kinase, controls gene expression at targeted promoters through the DNA-binding domain in the C terminus. In this paper, we describe the identification of a V. cholerae gene, varA, which is highly homologous to the two-component cytoplasmic response regulator gacA from various Pseudomonas species and show that varA is an important V. cholerae virulence factor.
V. cholerae O395 varA mutants showed decreased production of two major virulence factors in V. cholerae, TcpA, the major subunit of pili which is absolutely required for colonization, and CT, which is responsible for the severe diarrheal symptoms. We verified that the mutant phenotypes of SW400-12 were due to the disruption of the varA locus by isolating a varA ϩ revertant, SW8, and showing that it regained wild-type levels of CT production and TcpA protein expression and the ability to autoagglutinate. In addition, the reduced levels of CT production and lack of autoagglutination in a nonpolar varA mutant, SW33S, provided further evidence that the mutant phenotypes were a consequence of the inactivation of the varA gene. We were not able to complement the polar varA mutant, SW400-12, with varA cloned in plasmids with either low (pLAFR3) or moderate (pBBR1MCS, pBR322) copy numbers (data not shown); it is possible that the copy number of the cloning vectors used in the complementation experiments may have adversely affected the expression or function of varA, a proposed transcription factor. In P. aeruginosa, gacA carried on a plasmid also failed to complement a gacA mutation in a mouse and plant model of infection (38) .
When we compared CT production in a polar versus a nonpolar varA mutant, we found that the polar mutant made about sevenfold less CT. It is possible that this is due to a polar effect on the downstream gene, a uvrC homolog. uvrC encodes an excision nuclease involved in repairing damaged DNA, and a polar mutation in gacA of P. fluorescens renders the cell highly sensitive to UV irradiation (25) . Likewise, SW400-12 was highly sensitive to UV irradiation, whereas SW33S exhibited wildtype levels of resistance to UV irradiation (data not shown). Recently, an additional phenotype has been ascribed to uvrC; a uvrC mutant of the human enteropathogen, Yersinia enterocolitica, produced reduced amounts of invasin protein and was impaired in its ability to invade tissue culture cells (3) .
The virulence control system in V. cholerae is a complex network of intertwining regulatory pathways. ToxR and ToxS activate the toxT promoter, and ToxT in turn activates the ctxAB and tcpA promoters. Downstream of tcpA are genes involved in pilus biogenesis as well as the toxT gene (which is encoded within the TCP cluster) (reviewed in reference 47). In addition to ToxR-dependent expression from the toxT promoter, Brown and Taylor (6) have shown that transcription of toxT also occurs as a read-through transcript from the upstream tcpA promoter, suggesting an autoregulatory loop whereby toxT regulates its own transcription through activating the tcpA promoter. Gel shift assays did not detect ToxR binding to the tcpA promoter, suggesting that ToxR activation of the TCP operon is mediated through ToxT. In addition, another pair of regulatory proteins, TcpP/H, is involved in the activation of the TCP operon, and ToxRS and TcpPH act synergistically to activate the toxT promoter (17) .
We found that overexpression of toxT from an inducible promoter completely restored wild-type levels of CT production and the ability to autoagglutinate in the varA mutant SW400-12. This indicates that varA most likely affects the expression of the ToxR regulon upstream of toxT expression and is consistent with previous studies which indicate that ToxT is a Competitive index (C.I.) is defined as the output ratio of mutant to wild-type bacteria divided by the input ratio of mutant to wild-type bacteria. All in vivo and in vitro competitions were done with CG842, a Lac Ϫ derivative of O395 as the competing strain. n, number of mice used in each competition study. The in vivo C.I. are means Ϯ standard deviations for the number of mice indicated. The in vitro C.I. was the average of triplicate samples of both wild-type and mutant strains.
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V. CHOLERAE varA MODULATES VIRULENCE GENE EXPRESSIONthe last regulator within the hierarchy of the ToxRST regulatory cascade (7, 8, 13, 17) . In addition, we found that overexpression of tcpPH from pSW1.4-1 restored CT production in SW400-12 to near wild-type levels (87%). A likely explanation is that overexpression of tcpPH leads to increased activation of the toxT promoter and ToxT in turn activates the expression of TcpA and CT. Preliminary results suggest that VarA does not activate transcription from the tcpPH promoter. Because TCP has been documented to be required for colonization, it is not surprising to see that a decrease in TcpA protein in the varA mutant affected the efficiency of colonization. The nonpolar mutant showed an approximately sixfold reduction in colonization ability in the infant mouse gut compared to wild-type O395. The colonization defect of the varA mutant was not as severe as those seen for strains carrying various mutations in tcpA, which show a decrease of 2 to 4 orders of magnitude in their ability to colonize (10, 41) . Rather, the colonization defect seen in the varA mutant is similar in magnitude to that in strains carrying mutations in acf (accessory colonization factors) genes (37) , which are located immediately downstream of the TCP gene cluster. Transcription of acfB appears to be tcpA promoter dependent (6) .
The modestly reduced colonization ability of the varA mutant is consistent with the varA mutant showing approximately 100-fold reduction in susceptibility to transduction by CTX⌽ relative to O395 and producing significantly lower levels of bundled pili in immunoelectron micrographs. However, it is not clear whether the colonization deficiency of the varA mutant is due simply to a decrease in the amount of surface pili or the function of the surface pili or both. Although we cannot rule out a minor defect in pilin morphogenesis, the electron micrographs did not show any gross morphological differences.
Mutations in gacA homologs of pathogenic Pseudomonas species and S. typhimurium result in pleiotropic defects in secretion of proteases and other extracellular virulence factors (22, 28, 39, 40, 42, 43) . Furthermore, sirA in S. typhimurium positively regulates the prgHIJK operon, which encodes components of a sec-independent type III secretion apparatus (22) . The general secretion pathway (GSP) in V. cholerae is required for extracellular secretion of chitinase, CT, and hemagglutininprotease (35, 45) ; mutations in several genes within this pathway affect secretion of these factors (44) . It is possible that varA could affect expression of genes within the GSP to disrupt secretion of extracellular factors like CT. However, proteolytic activity as measured spectrophometrically in a Hide powder blue assay (52) did not show the varA mutant to be defective in general protease secretion (data not shown). This suggests that if the varA mutant has a secretion defect, the defect does not globally affect the GSP.
Although two-component regulators are common systems in a variety of bacterial pathogens, surprisingly, there have been no cited reports of these regulators in V. cholerae until recently. Lee et al. (26) reported the identification of the vieSAB operon of V. cholerae, where vieS exhibited similarity to sensor kinase components and vieA and vieB were similar to response regulators. Although it was not clear what role the vieSAB operon plays in the cholera infection process, vieB was specifically induced during colonization of the mouse intestine. Recent studies by Chiang and Mekalanos (9) using signature-tagged transposon mutagenesis to screen for random mutants affecting colonization in the infant mouse cholera model identified two genes whose products are involved in transfer of phosphate, pta (encodes phosphotransacetylase), and ptfA (encodes a phosphotransferase). Both genes are involved in modulating expression of the ToxR regulon; pta and ptfA mutants produce low amounts of CT and no TcpA. Pta controls synthesis and degradation of acetyl phosphate, which serves as a phosphodonor to some response regulators (29, 55) . Since ToxR does not contain a phosphoacceptor domain, the authors postulated that perhaps Pta acts on the ToxR regulon by phosphorylating some unknown response regulator. It is tempting to speculate that VarA could be a substrate for phosphorylation by Pta. In Pseudomonas species, the cognate sensor kinase for GacA is LemA (11, 21, 27, 42) . It is likely that a LemA homolog probably exists in V. cholerae as well.
